In this study, the reverse polarization method is implemented using transmit and receive arrays to improve the visibility of the interventional devices. Linearly polarized signal sourcesinductively and receptively coupled radiofrequency coils-are used in the experimental setups to demonstrate the ability of the method to separate these sources from a forward polarized anatomy signal. Two different applications of the reverse polarization method are presented here: (a) catheter tracking and (b) fiducial marker visualization, in both of which transmit and receive arrays are used. The performance of the reverse polarization method was further tested with phantom and volunteer studies, and the results proved the feasibility of this method with transmit and receive arrays. Magn Reson Med 67:446-456,
In a previous study, the reverse polarization method for catheter tracking using a birdcage coil was introduced (1) , and the method has been used for different applications by other groups (2, 3) . This method separates anatomical information from an inductively coupled radiofrequency (ICRF) coil coupled to an external coil, during signal reception only. Note that an ICRF decoupled from the transmit field using back-to-back diodes is called a receptively coupled RF (RCRF) coil (1, 4, 5) . Although this method can be an excellent candidate for making interventional devices, such as catheters, guidewires, biopsy needles, visible, its main drawback is the requirement of a birdcage volume coil as the receiver. In today's practice, birdcage coils are seldom used as receive coils because of their lower performance compared with the phased array coils (6) . Notably, it is known that individual simple elements of a phased array coil create a linearly polarized magnetic field (7); therefore, it is not a trivial task to generate reverse polarized sensitivity using the phased array coils.
Here, a method is presented for obtaining reverse polarized sensitivity using a phased array coil system. It is also shown that by using duality, the proposed method can be employed to obtain reverse polarization through RF transmit-array systems.
''Wireless'' active catheter tracking (4) and fiducial marker visualization (8) (9) (10) (11) (12) are demonstrated as applications of the proposed method. In both of these applications, induced RF current flows on a coupled RF (CRF) coil, amplifies the rotating magnetization vector, and finally turns into an oscillating magnetization in a linear path. This magnetization can be decomposed into rotating magnetization vectors, one traveling in the forward direction and the other in reverse. As an anatomical signal can only be generated by the forward polarized magnetization vector, an image that is sensitive to the reverse polarized magnetization will solely contain the signal received by the CRF coil.
THEORY
The reverse polarization method can be implemented using the receive and/or transmit paths.
Reverse Polarization Method Using Receive (Phased) Array RF Coils
Implementing the reverse polarization method to a receive coil with uniform sensitivity, such as the birdcage coil, is trivial because: (i) both of the feeds of a birdcage coil have the same sensitivity magnitude and (ii) the phase difference between the feeds is the same for all pixels. As a result, shifting the phase of the y-channel by À90
or 90 and summing with the x-channel produce forward or reverse polarized modes of images (1, 13) . However, phased array coils do not have uniform sensitivity profiles and thus to obtain a reverse polarized mode of image, a more sophisticated algorithm is necessary. In this section, anatomy and CRF coil signals received by a linear phased array coil will be derived. Additionally, the algorithm of the reverse polarization method for receive array coils, which consist of linear coils will be presented.
If the direction of the main magnetic field of an MR scanner is reversed, a quadrature receive-only birdcage coil cannot receive any signal. On the other hand, if a linear coil, such as a simple loop coil, is used to receive the signal, the direction of the magnetic field is not important. In either case, the linear coil picks up the signal with equal sensitivity. In theory, it is possible to obtain pure forward or reverse polarization at a point of interest by adjusting the phase and amplitudes of signals received by the linear coil elements, but, sensitivity information of coil elements has to be known perfectly. Any error in the sensitivity information may lead to error in the field polarization. In reality, the error can be reduced by increasing number of elements. In the MR literature, the rotation direction of a magnetic field is usually explained in the rotating frame. Because both forward and reverse polarizations will be utilized in this study, it is difficult to explain this concept in the rotating frame. Therefore, in this text, magnetic fields will be expressed using the phasor notation with the e iv0t convention, where ''i'' is the imaginary unit number ( ffiffiffiffiffiffi ffi À1 p ) and x 0 is the Larmor frequency. Assume that a conventional body coil is used for excitation and a phased array coil with N linear coil elements is used to image an anatomy with a CRF coil placed inside it. There are two different coupling mechanisms when a CRF coil is used in MRI (1) . The first one is transmit coupling, which occurs between the transmit coil and the CRF coil. The second type of coupling occurs during reception. The ICRF coil is exposed to both transmit and receive couplings, on the other hand, the RCRF coil is decoupled from the transmit field. In this section of the theory, signals are derived due to receive phase. Therefore, the phased array coil elements receive two types of signals from a point of interest close to the CRF coil: a direct signal of the spins and an indirect signal of the CRF coil. Rotating spins induce a current on the CRF coil and this current creates a linear magnetic field that has both forward and reverse polarized components. The signal of the spins and then the signal of the CRF coil will be derived.
Anatomy Signal
Let v n, anatomy be the open circuit voltage of the nth element of an N-channel phased array coil caused by the spins at the point of interest. To find the total voltage, this quantity needs to be integrated over the whole volume. However, by itself, this value is directly related to the sensitivity of the coil element at this point of interest. The voltage can be formulated using the reciprocity principle (14-16):
where ''Á'' represents the dot product andM is the phasor representation of the rotating magnetization vector given by:
where m is the complex representation of the transverse magnetization and, b a, and b a y are unit vectors in x and y directions, respectively. Note that Eq. 2 is the phasor equivalent of the time domain representation of the magnetizatioñ M ðtÞ ¼ jmj cosðv 0 t þ \mÞa _ x À jmj sinðv 0 t þ \mÞa _ y . In Eq. 1,B n is the magnetic field at the point of interest generated by the nth element of the receive phased array coil when a unit current is applied to the terminals of the coil element (Fig. 1a) . Note thatB n is assumed to be a linearly polarized magnetic field for the sake of simplicity and understandability without sacrificing generality. Also, all the elements of the phased array coil are assumed to have the same phase at a point of interest because this value is carefully calibrated in the MRI scanner. In this study, the z-component of the magnetic field is ignored as it has no contribution to this analysis. FIG. 1 . Sketch of the nth element of the phased array coil, CRF coil, and spin interactions. a:B n is the magnetic field generated by the nth element of the receive phased array coil at the point of interest when the unit current, I, is applied to the terminals of the coil element. b:M is the rotating magnetization vector of spins andM CRF is the magnetization vector of the CRF coil that is oscillating in a linear trajectory. The spins around the CRF coil induce a current, I CRF . This current on the small CRF coil can be represented by a magnetization vector,M CRF . As a result of these magnetizations, a voltage, v n , is induced on the terminals of the external coil. c:B c is the magnetic field generated by the CRF coil at a point of interest when a unit current, I, is applied to an imaginary terminal of the coil. y is the orientation angle of with respect to x-axis of the CRF coil, and Z is the impedance at this imaginary terminal of the CRF coil.
CRF Coil Signal
A CRF coil is the secondary source of the magnetic field, i.e., the spins around the CRF coil induce the current per unit volume, I CRF , on the CRF coil. This current on the small CRF coil can be represented by a magnetization oscillating on a linear trajectory (Fig. 1b) . Note that a linearly polarized magnetization can be decomposed into two counter-rotating magnetizations, i.e., forward and reverse polarized magnetizations. Linearly polarized external receive coils are sensitive to both components of the linearly polarized magnetization.
The current per unit volume on a small CRF coil can be modeled using a magnetization vector in the direction of the surface normal vector as ( Fig. 1c) :
where y is the orientation angle of the CRF coil with respect to the x-axis.
Here, an important property of the CRF coil is that its magnetization vector can be decomposed into forward and reverse polarized components of equal magnitude:
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Similar to the anatomy case in Eq. 1, the voltage induced on the nth coil by a CRF coil can be expressed using the magnetization vector of the CRF coil, as ( Fig. 1b) :
Note that the magnetic field,B n , is assumed to be the same magnetic field as in Eq. 1, because the CRF coil is small and the point of interest is very close to it.
Integrating Eq. 4 into Eq. 6 results in:
The induced current on the CRF coil can be calculated using a method similar to the derivation of the anatomy signal. The main difference is that the CRF coil has no terminal; therefore; the induced current is calculated instead of the voltage. Assume thatB c is the magnetic field generated by the CRF coil at a point of interest when a unit current is applied to an imaginary terminal of the coil (Fig. 1b) ; then the induced current on the CRF coil due to the magnetic resonance phenomenon is:
where Z is the impedance at this imaginary terminal (Fig. 1c) . As a result, v n,CRF can be expressed in terms of v n,anatomy :
where S n is the sensitivity of the nth element and defined as S n ¼ v n,anatomy /m. Here, ''*'' is the conjugation operator and c f and c r are the forward and reverse polarization amplification factors, respectively:
f is the phase ofB n . Note that there is only a phase difference between these values. Finally, the total voltage can be expressed by the sum of the anatomy and CRF coil voltages:
As a result, the matrix form of the above equation is:
The Reverse Polarization Algorithm
This manuscript deals with the challenge of extracting the reverse polarization component of a signal mc r from the acquired data. By doing this, the position of a coupled coil placed on a catheter or on a body as a fiducial marker can be identified. The vector on the left-hand side of the above equation is already known and represents pixel values on the images that are reconstructed using the signal received by each of the coil elements. To find mc r , the sensitivity values for each coil element must be known. Once the sensitivities of all coil elements are known, the reverse polarized component of the signal (together with the forward component as a byproduct) can be obtained by a matrix pseudo-inversion operation:
where ''y'' represents a pseudo-inversion operator.
Reverse Polarization Method Using Transmit Array Coils
The algorithm of the reverse polarization method for the receive array coils is explained above. To tackle this problem, the reverse polarized signal needs to be calculated for each pixel of the image using a postprocessing algorithm. Using the reciprocity principle, one can conclude that the reverse polarization algorithm for a transmit array is a dual problem. However, unlike the receive arrays, a transmit operation cannot be conducted using postprocessing. Therefore, by using the above algorithm, the reverse polarization can only be achieved on a single point in space. To solve this issue, the algorithm can be generalized for multiple points, but the formulation indicates that reverse polarization can be obtained only on limited number of points with an N-channel transmit array system. By properly distributing these points in a region of interest, one may obtain reverse polarization in that region. Alternatively, a birdcage coil may be fed from its two quadrature ports independently as a transmit array coil. In this configuration, obtaining reverse polarized transmission is straightforward, because a postprocessing operation is not necessary (1, 2) . Shifting the phase of the y-channel by À90
or 90 with respect to the x-channel produces forward or reverse polarized excitation modes. A RF magnetic field does not excite spins if it is rotating in the ''reverse'' direction, but it induces a current on the CRF coil. Then, the secondary field created by the CRF coil excites spins in its vicinity. Therefore, when reverse polarized excitation is used, the anatomy signal will be suppressed and consequently the reconstructed image will consist of the CRF signal only. Note that with the help of the transmit array system, both forward and reverse (or linear) excitations are possible, and the forward or reverse polarization mode of an image can be obtained without postprocessing.
METHOD
In this study, a 3-T Siemens TIMTrio with an experimental eight-channel transmit array system was used. Siemens body matrix, spine matrix, and head matrix coils were used for signal reception. These coils use mode matrix combiners (17) . The mode matrix combiners introduce phase to the coil elements and change weighting of them, so, coil linearities are disturbed. Also, Siemens coils have three different combination modes: CP (Circularly Polarized), Dual, and Triple. To reconstruct the linear polarized data, images were acquired in triple mode (17) and proper complex constants were multiplied with the element data and recombined. A MATLAB (Version 7.6; Mathworks Inc., Natick, MA) code was written for this purpose.
The receive coil sensitivity information is crucially important for the reverse polarization method. The sensitivity maps can be acquired using different methods (18) (19) (20) (21) . In this study, these maps were obtained using the central part of the k-space matrix or spatial low-pass filtering. The filtering removes the effect of the CRF coil on the image because the coil is small, and its information is in the high-frequency components of the image However, one cannot obtain CRF coil data by high-pass filtering because anatomy also has high-frequency components. The sensitivity map window, which determines the area at the center of the k-space matrix, was adjusted according to the applications.
After obtaining the sensitivity maps, the reverse polarization factor for each pixel was calculated using the pseudoinverse command ''pinv'' of MATLAB. The reverse polarization mode of the image was color-coded and combined with the squared-summed image of the subject.
Only Siemens body coil was used for transmission in all experiments. For the first part of the study, phased array case, the conventional body coil excitation was applied. On the other hand, the quadrature hybrid was eliminated for the transmit array case, and two body coil channels were fed by the transmit array system. The transmit array system on site has eight RF channels and two of them used for transmit array experiments. Relative phases of the two channels had to be calibrated before the experiments as they change after each system reboot. By using the reverse polarization mode, two transmit channels were calibrated, i.e., the phase was adjusted to obtain the noisy reverse polarization mode of the image. In the ideal case, adding 90 to the y-channel and running both channels create the reverse polarized field and no spins are excited. Because of the shift caused by the system reboot, the y-channel phase was scanned between 40 and 140 with an increment of 10 . The image with a minimum signal level was assumed to be the reverse polarized mode of the image. After fine tuning, the relative phase between the x-and ychannels was found.
The proposed method was implemented for both catheter tracking and fiducial marker visualization applications.
Catheter Tracking
The ICRF coil was 100 mm long and constructed on a 6 F Teflon catheter using a coated copper wire 0.4 mm in diameter. A heat shrink tube was used for isolation, resulting in a prototype device with an outer diameter of 3 mm (9 F) (Fig. 2) . It was tuned by a 22 pF ceramic chip capacitor (ATC, Huntington Station, NY) to 123.23 MHz using an HP 8753D network analyzer (Agilent Technologies, Santa Clara, CA). A pair of back-to-back MMBD7000LT1 switching diodes (Infineon Tech., Germany) in parallel to the 22 pF tuning capacitors was used for the decoupling of the RCRF coils.
In the catheter tracking experiments, oil phantoms were used and images were acquired using the spine and body matrix phased array coils. Fast gradient echo sequence with the following imaging protocol is used: TR/TE: 40/3.4 ms, flip angle: 40 , slice thickness: 5 mm.
Fiducial Marker Visualization
The ICRF coil was constructed with three turns of copper wire of 0.5 mm in diameter, forming a circle with a diameter of 5 mm (Fig. 3) . It was tuned by a 16 pF ceramic chip capacitor (ATC, Huntington Station, NY) to 123.23 MHz using an HP 8753D network analyzer (Agilent Technologies, Santa Clara, CA). In both the transmit and receive array phantom experiments, images were acquired using the head matrix phased array coil and fast gradient echo with the The same ICRF coil and experiment setup were used in the volunteer experiments. The experiments conformed to the Guidelines for Experiments with Human Participants and were approved by the Bilkent University Ethics Committee, Ankara, Turkey.
RESULTS

Catheter Tracking
Receive Array Next, the RCRF coil is used with the transmit array system. As shown in Fig. 6 , the catheter still appears bright, suggesting flip angle amplification. This can be explained by the fact that the voltage across the diodes is the turn-on voltage and a small amount of current flows through the RCRF coil. Figure 7 shows a transversal image of three straws, first filled with KCl solution (upper right straw), second FIG. 6 . Oblique images of the oil phantom, KCl solution filled straw, the RCRF coil and the normalized performance plots (yellow line on the image) using the reverse polarization method for transmit array system. a: The forward polarization mode of the image and the performance plot at the bottom, (b) the reverse polarization mode of the image and the performance plot at the bottom, and (c) the colorcoded image. Similar to the previous case shown in Fig. 5 , the method successfully singles out the RCRF coil signal. Even though the disturber has higher signal intensity in the forward polarized mode, the reverse polarization method suppresses both the anatomy and the disturber significantly. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] FIG. 7. Transversal images of the ICRF coil (on which the yellow line passes through), RCRF coil (the left dot above the yellow line), and KCl solution filled straw (top right dot above the yellow line) in the oil phantom with the normalized performance plots (yellow line on the image) using the reverse polarization method for transmit array system. a: The forward polarization mode of the image and the performance plot at the bottom, (b) the reverse polarization mode of the image and the performance plot at the bottom, and (c) the color-coded image. The reverse polarization method suppresses both the solution and the phantom. Both ICRF and RCRF coils are visible in the reverse polarization mode image. However, because of the transmission decoupling, the ICRF coil signal is stronger than the RCRF coil signal. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
with the ICRF coil inside (lower straw), and third with the RCRF coil (upper left straw). Both the phantom and the KCl solutions were suppressed when the reverse polarization method was applied to the transmit array system while the ICRF and RCRF coil images were reconstructed. Note that, the ICRF coil signal is stronger due to transmit coupling. Figure 8 shows sagittal images of a saline solution phantom with an ICRF coil attached to the phantom (Fig. 3) . The reverse polarization algorithm successfully suppresses the phantom signal with phased array coil (Fig.   8a ) and transmit array system (Fig. 8b) . The color-coded images and the performance plots show that the algorithm works.
Fiducial Marker Visualization
Phantom Experiments
Volunteer Experiments
The transversal and sagittal images of receive and transmit array coils are shown in Figs. 9 and 10, respectively. Volunteer experiments are especially important to show the usefulness of the reverse polarization method for clinical applications. Furthermore, constructing the reverse polarized mode of a body birdcage coil is a challenge for 3 T transmit array systems. Demonstration of the efficiency is critical for higher fields in human studies (Figs. 9b and 10b) FIG. 8. a: Oblique image of the saline phantom and the normalized performance plots (yellow line on the image) using the reverse polarization method for phased array coil. (a1) The forward polarization mode of the image and the performance plot at the bottom, (a2) the reverse polarization mode of image and the performance plot at the bottom, and (a3) the color-coded image. b: Oblique image of the saline phantom with transmit array coil the normalized performance plots (yellow line on the image) using the reverse polarization method for transmit array system. (b1) The forward polarization mode of the image and the performance plot at the bottom, (b2) the reverse polarization mode of the image and the performance plot at the bottom, and (b3) the color-coded image. Although the phantom and contrast agent signals are stronger than the ICRF coil signal (left column) in forward polarized images for both receive and transmit array cases, the method suppresses all the signals other than the linearly polarized signal of the ICRF coil. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
All of the figures presented in this section show that the reverse polarization method works successfully in both applications. The background signal is almost completely suppressed and the color-coded images enable visualization of the CRF coils.
DISCUSSION
Catheter tracking is necessary when conducting interventional procedures (22) . Methods for tracking catheters can be divided into three main groups: passive, active, and hybrid. Paramagnetic materials (23) (24) (25) , contrast agents (26) (27) (28) , and other local signal manipulators (29, 30) are the main passive tracking tools. Passive tracking methods are simple to implement, but produce weak contrast. Active tracking methods solve the contrast issue (31-39) but cause safety and handling problems (22) . Quick et al. (40) have introduced a hybrid technique using ICRF coils. The performance of the method depends on both the flip angle and the orientation of the ICRF coil. In this study, we have addressed this intrinsic problem of the coils.
An ICRF coil (41) is a simple wire loop resonated using a capacitor. These coils are used for small FOV imaging (42, 43) and catheter tracking (1, 40) to amplify transmit and receive signals in the vicinity. When a pair of back-to-back diodes is connected parallel to the resonating capacitor, transmission coupling is eliminated and only receptive coupling remains. Therefore, the RCRF coil is safer than the ICRF coil, because, negligible flip angle amplification occurs with the RCRF coil (1, 40) . In this study, both ICRF and RCRF coils have been shown to be usable in catheter tracking and fiducial marker visualization applications.
As already known, a forward polarized transmission excites spins and coupled RF (CRF) coils, whereas, a reverse polarized transmission excites only CRF coils. With conventional imaging systems, only forward or reverse polarized transmission is possible. However, transmit array systems can switch between forward and reverse polarizations simultaneously. Transmit array studies are mostly concentrated on homogenizing higher frequency RF fields, but this causes another problem, namely excessive specific absorption rate. In this study, the Siemens' experimental eight- channel transmit array system was used. The applications discussed in this article use only two channels and the phases and amplitudes of the RF waveforms are manipulated, but the shape of the waveforms were identical. Although the transmit array system's capabilities are not completely utilized, the body coil is much more accessible. It is already embedded in the imager and because it uses only two channels, it is simpler to work with.
Transmit and receive (phased) arrays offer separate excitation and reception profiles to improve the usability of the reverse polarization method. Here, the receive array coil data was processed to obtain a reverse polarization mode image, and the transmit array system was utilized to excite the CRF coil only, suppressing the anatomy signal.
In this study, the reverse polarization method was also implemented in fiducial marker visualization. During an invasive operation, a targeting procedure is vital. Fiducial markers are effectively used in different operations for registration purposes. However, in some sequences, these markers are not bright enough, so registering becomes more difficult. To improve the visibility of the markers, the reverse polarization method was implemented using CRF coils for image-guided surgery registration.
Performance of the reverse polarization method for phased array coils is directly related to the SNR of the coil. Therefore, the number of coil elements and their placement play an important role on the reverse polarization method performance similar to sensitivity based techniques. As the number of coils increases, reverse polarized region that can be obtained using this method is getting larger. For example, three-element phased array coil performs better than two-element coil when the elements have the same size.
Finally, the x-channel of the body coil was performing worse than the y-channel. To obtain the same signal strength from individual channels separately, the y-channel was multiplied by 0.67, while the multiplier of the x-channel was kept at 1.00. This problem was amplified by the dielectric effect (44) . Therefore, oil was used in the catheter tracking phantom experiments, which helped to avoid dielectric effect-related inhomogeneities. However, carefully calibrating the channels resulted with proper reverse polarization mode. As a result, our initial tests on human volunteers produced enough homogeneity while using our 3 T scanner so that we were able to demonstrate the method in vivo.
CONCLUSION
In this study, the feasibility of the reverse polarization method was examined using transmit and receive array systems in two different applications of the method, i.e., catheter tracking and fiducial marker visualization. Using both transmit and receive RF coil arrays coupled to RCRF and ICRF coils, we showed that the method achieved successful background suppression in both phantom and volunteer studies.
